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A B S T R A C T   
This paper provides preliminary data on the use of three different mechanical procedures to remove the lichen 
Diploschistes scruposus and a gypsum black crust from an ornamental granite. The methods used were wet 
sandblasting (Hydrogommage®), dry sandblasting (IBIX®) and dry-ice blasting. In addition, lichens were also 
removed by scraping with a scalpel. The cleaning efficacy and undesirable effects to granite were evaluated by 
stereomicroscopy, colour spectrophotometry, Fourier-transform infrared spectroscopy and scanning electron 
microscopy. 
The cleaning efficacy of the mechanical methods depended on the deposit being removed: i) for lichen, dry 
sandblasting and dry ice blasting produced the best results, while for the black gypsum crust, although both dry 
and wet sandblasting removed the black particulate matter from the crust, gypsum crystals remained on the 
surface; ii) the dry sandblasting method induced extraction of granite grains with the subsequent appearance of 
fissures; iii) for the lichen, the wet sandblasting method was totally unsatisfactory and iv) for the gypsum black 
crust, dry ice blasting failed to remove the black particulate matter from the crust.   
1. Introduction 
Cleaning stone built cultural heritage is important to safeguard the 
artistic and historical value of the monuments. The cleaning procedure 
must preserve the appearance of the monument without causing colour 
changes, extraction of stone material, contamination and/or generation 
of by-products [1]. The cleaning procedure must therefore be gentle, 
gradual, selective, environmentally friendly and economically afford-
able [2]. Although granite is common in cultural heritage buildings, 
much less scientific research has focused on cleaning granite than on 
cleaning carbonate rock. Alkaline granites from the Variscan age, 
characterized by discontinuity in outcrops and open porosity up to 7%, 
typically yellowish-brown in colour and sometimes showing flow ori-
entations [3–5] were frequently used for ancient architectural con-
structions in the NW Iberian Peninsula, such as Santiago de Compostela 
cathedral (Spain), Tower of Hercules (Spain), Porto cathedral 
(Portugal), etc. The high open porosity of this type of granite allowed 
greater ease of carving and dimensioning. 
The different methods used to clean stone are generally divided into 
chemical, mechanical and laser techniques [2,6]. Before cleaning a 
monument or façade the different cleaning methods available should be 
tested on small areas to evaluate the global cleaning efficacy, which is 
assessed by considering removal of the target deposit or crust and also 
any undesirable effects, such as colour change, extraction of material, 
etc. [2]. The cleaning efficacy will depend on the intrinsic characteristics 
of both the stone (e.g. mineralogy, texture, porosity, etc.) and of the 
deposit (e.g. composition, substrate-deposit interaction, thickness, etc.) 
[6,7]. 
Biological colonization is among the most common types of deposits 
on which further scientific research is required in order to optimize the 
cleaning processes to enhance removal of the growth without undesir-
able effects. According to the Illustrated Glossary on Stone Deterioration 
Patterns [8], biological colonization is due to the growth on the surface 
of plants and microorganisms such as bacteria, cyanobacteria, algae, 
fungi and/or lichens. Lichens should be removed with some degree of 
urgency as they can damage the underlying stone through physical and 
chemical mechanisms [9–14]. Physical changes are caused by penetra-
tion of the stone surface by fungal hyphae, through fissures, and 
chemical mechanisms related to the substances secreted or excreted by 
mycobionts and photobionts [14]. Some studies have focused on 
removing lichen from granite in heritage buildings by mechanical 
scraping with a scalpel and brushing [15–18], use of biocides [17,19,20] 
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and use of lasers [16–18]; [21–23]. Earlier studies showed that using a 
scalpel to scrape lichens from a fine grained granite did not produce 
satisfactory results relative to laser-based cleaning or the combination of 
scalpel-followed by laser-based cleaning [16,18]. However, circular, 
wet sandblasting with a mixture of air-water-micro grained abrasive 
(99% silica content, 0.5–0.1 mm grain size) at low-pressure (0.4 MPa), 
in a procedure called Hydrogommage®, yielded satisfactory results for 
removing biological colonization (weaker attachment than lichens), i.e. 
a biofilm composed of algae and cyanobacteria [23]. A chemical 
cleaning method based on a quaternary ammonium compound used to 
extract lichens from granite Buddha statues provided satisfactory re-
sults, reducing lichen cover by 50% [15]. Additional scraping with a 
scalpel enhanced the effects of the chemical cleaning [19]. 
Regarding the use of laser-based methods for cleaning granite, a Nd: 
YAG laser operating at 1064 nm (fundamental radiation), 355 nm (3rd 
harmonic) and 266 nm (4th harmonic) and sequences of infrared and 
ultraviolet radiations [21,22] and Nd:YVO4 laser operating at 355 nm 
[16,18,23] were used to remove lichens. These lasers did not completely 
remove, but substantially damaged the lichens, causing loss of the upper 
cortex and severe effects on the algal layer [16,21,22]. Rivas et al. re-
ported that the laser-based method is more effective than the 
scalpel-based method [18]. The laser-based method can be considered a 
feasible option for removal of lichens after removal of large parts of the 
thallus with a scalpel. In a recent study, combining a chemical method (a 
commercial water-soluble product containing n-octyl-isothiazolone and 
a quaternary ammonium salt), a mechanical method (scraping with a 
scalpel) and a physical method (a Nd:YVO4 laser operating at 355 nm) 
enhanced the efficacy of lichen removal, and the chemical biocide fol-
lowed by laser treatment proved the most effective method for removing 
two lichens (with different coverage, colour and thickness) from the 
same granite [17]. 
Black crusts are defined as coherent accumulations of material firmly 
adhered to the stone and generally occur on areas protected against 
direct rainfall or water run-off in urban environments. Black crusts are 
usually composed of particles from the atmosphere trapped in a gypsum 
matrix [6,8,24]. Regarding their removal, black crusts developed on 
granite have been cleaned with Papetta AB57®, a chemical method 
developed by the Istituto Superiore per la Conservazione ed il Restoration 
[25] and EDTA poultices [26]. The Papetta AB57 method did not 
completely remove gypsum black crusts from granite. The use of EDTA 
poultices proved an efficient method of removing weathering red crusts 
from granite. After application of chemical-based cleaning methods, the 
treated areas should be rinsed by high pressure steam washing to remove 
any chemical residues or thickeners [25]. As a mechanical cleaning 
method, wet sandblasting (Hydrogommage) has previously been used to 
extract a black crust from a granite [25]; Papetta AB57® was more 
effective than Hydrogommage and an increase in roughness of the me-
chanically cleaned surface occurred due to extraction of the granite 
grains. Regarding laser-based cleaning, a Nd:YVO4 laser operating at 
355 nm [25,27] and a Nd:YAG laser operating at different wavelengths: 
1064 nm, 532 nm, 355 nm and 266 nm -and some operating simulta-
neously (1064 nm and 355 nm) [28–30]- have been used to extract 
gypsum black crusts from granite. Despite the application of high flu-
ence values (>20 J cm2) in one study [29], the black crusts were not 
completely removed. Moreover, the use of Nd:YAG lasers with different 
pulse durations and wavelengths (fibre-coupled Q-switched (QS), long 
Q-switched (LQS) and short-free running (SFR) Nd:YAG laser systems) to 
remove iron-containing black films from weathered granitic surfaces did 
not completely remove the crust [28]. The simultaneous application of 
infrared and ultraviolet radiation after prior wetting of the surfaces 
enhanced crust removal and reduced the impact on the component 
minerals [30]. 
Considering the references cited, some drawbacks to the methods 
have been reported regardless of the type of stone and the deposit 
(biological colonization and gypsum black crust) considered. Biocides 
induced the deposition of soluble salts, even after neutralization [23]. 
Mechanical procedures can induce extraction of grains. In the 
laser-treated granite surfaces, melting of biotite, potassium feldspar and 
plagioclase grains and cleavage fracture of quartz grains were detected 
[28–30]. Therefore, mechanical procedures have the important advan-
tage that they do not cause contamination with chemicals, such as res-
idues or by-products, or melting of mineral grains in laser application. 
However, extraction of grains due to the high pressure was identified: 
different behaviors for each granite forming mineral were found when 
water high pressure systems (pure water and abrasive water jets) were 
applied on granite with different surface finishes [31]. Quartz breaks 
following conchoidal fracture and it is pulled out more easily than 
feldspar or biotite because of quartz shows inner fragility and lower 
impact strength, enhanced by unfavorable deformability properties. 
Feldspar or biotite are able to relieve partially the load through defor-
mation [31]. 
The different mechanical systems working at low pressure available 
in the market must be tested to ensure satisfactory extraction without 
undesirable effects to the underlying surface. 
In this study, three different mechanical methods working at low 
pressure (Hydrogommage®, i.e. circular wet sandblasting with a mixture 
of air–water–micro grained silicon abrasive at low-pressure; dry ice 
blasting with carbon dioxide ice pellets, and IBIX®, a relatively gentle 
circular dry sandblasting procedure with air and micro grained abrasive) 
were applied to samples of a granite commonly used in the heritage 
architecture in the NW Iberian Peninsula to remove a lichen and a 
gypsum black crust. In order to determine the efficacy of removal of the 
deposits by each of the mechanical methods, the treated surfaces were 
evaluated by stereomicroscopy, colour spectrophotometry, micro 
Fourier-transform infrared spectroscopy and scanning electron 
microscopy. 
2. Materials and methods 
2.1. Samples 
Stone samples (Fig. 1) were obtained from two ashlars in ancient 
buildings constructed with the same type of granite but affected by two 
different types of crusts: a crustose lichen and a gypsum black crust. The 
substrate of both ashlars was a brownish-yellow, medium-grained 
granite (Fig. 1A and B), which is commonly found in historical buildings 
in the NW Iberian Peninsula. The sample affected by the crustose lichen 
(Fig. 1C and D) was obtained from a building located in a rural area. The 
lichen, which had a thick, pale grey warty thallus, was identified as 
Diploschistes scruposus, with Trebouxia as photobiont and numerous 
apothecia in the form of black, flat and urceolate discs. Four subsamples 
of ca. 7 cm × 7 cm ×2 cm were obtained from the colonized stone 
sample. 
The black crust (Fig. 1E and F) was found on an ashlar in a building in 
Vigo centre. It was characterized by its homogeneity and dark colour-
ation. The chemical and morphological composition of the black crust 
was determined in previous studies [24,25]. This black crust, of thick-
ness 80–100 μm, was mainly composed by gypsum with an acicular 
crystal habit, independent of the substrate [24]. Four subsamples of ca. 
11 cm × 11 cm ×2 cm were obtained from the stone sample affected by 
the black crust. 
In addition, an uncolonized granite sample (Fig. 1A) was obtained in 
the same area as the sample with lichen, for use as a reference sample. 
2.2. Cleaning methods 
The following mechanical cleaning methods were tested in order to 
determine the most satisfactory cleaning method for extracting both 
types of crust considered: 
• Hydrogommage® (www.clinarte.com) based on circular wet sand-
blasting with a mixture of air–water–micro grained silicon abrasive 
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at low-pressure. The abrasive, as confirmed in Ref. [32], has a grain 
size of up to 200 μm and the silicon particles has sharp edges. A 
working pressure of 0.4 MPa was applied.  
• IBIX® (www.clinarte.com) is a gentle dry sandblasting procedure 
using circular blasting with air and micro grained abrasive at an 
application pressure of 0.4 MPa. The abrasive used was the same as 
in the Hydrogommage® procedure.  
• Dry ice blasting (www.kaercher.com), which uses carbon dioxide ice 
pellets (− 78 ◦C) at a pressure of 0.4 MPa. The dry-ice particles were 
of diameter 2 mm, length up to 2 cm and had slightly sharp edges 
[32]. 
The commonly used mechanical removal of the lichen by scraping 
with a scalpel was also tested. The cleaning was controlled by stereo-
microscopic examination (SMZ800 NIKON®). After scraping the stone 
with the scalpel, the surface was brushed to remove material remaining 
on the surface. Considering the artistic and historical value of the cul-
tural heritage objects, the cleaning was stopped when extraction of 
grains was observed. 
2.3. Analytical techniques 
The treated surfaces were evaluated in terms of crust removal and 
undesirable effects to the granite and the component minerals, to 
determine the global cleaning efficacy of the different mechanical pro-
cedures tested. 
Removal of the crusts was first assessed by examination of the 
samples by stereomicroscopy (SMZ800 NIKON® with NIS Elements D 
software). 
The colour of the surfaces (before and after treatment) was deter-
mined spectrophotometrically using a Minolta spectrophotometer CM- 
700 d equipped with CM-S100w (SpectraMagicTM NX) software. The 
colour measurements were based on CIELAB and CIELCH colour spaces 
[33]. The parameters L* (lightness), a* from +a* (red) to − a* (green) 
and b* from +b* (yellow) to − b* (blue) were measured in the CIELAB 
colour space. Chroma (C*ab) was also measured in addition to L* in the 
CIELCH colour system. Fifteen measurements were made at random on 
each surface, in order to yield statistically representative results [34]. 
The measurements were made in specular component excluded (SCE) 
mode since these surfaces were characterized by their matte tonalities 
and irregularities which induce the light scattering in many directions, 
reducing the specular component excluded. It was used a spot diameter 
Fig. 1. A: Fragment of the granite used as the reference sample. B: Stereomicrograph of the uncolonized granite. C: Surface colonized by Diploschistes scruposus. D: 
Stereomicrograph of the lichen Diploschistes scruposus. E: Sample with gypsum black crust. F: Stereomicrograph of the gypsum black crust. 
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of 8 mm, using illuminant D65 and an observer angle of 10◦. In order to 
evaluate the success of removal of the crust, colour differences (ΔL*, 
Δa*, Δb* and ΔC*ab) and the global colour change (ΔE*ab) were 
determined [33] relative to the colour of the uncolonized granite. 
Micro Fourier-Transform Infrared spectroscopy (μFTIR, Thermo® 
Nicolet 6700) was used to inspect the surface of 1cmx1cm subsamples 
removed with a hammer and a chisel, to study the reflection spectra of 
the granite, lichen and gypsum black crust. The presence of remains on 
the granite surfaces after cleaning were then assessed. The FTIR spectra 
were recorded in the 4000 cm− 1 to 400 cm− 1 region, in absorbance 
mode, with 4 cm− 1 resolution. 
Finally, the samples were examined by Scanning Electron Micro-
scopy (SEM, a Philips XL30 and a Quanta 200) in backscattered electron 
(BSE) and secondary electron (SE) modes with energy-dispersive x-ray 
spectroscopy (EDS), in order to characterize the crust and to detect any 
remains on the treated surfaces. Analysis of the samples by SEM-EDS 
also enabled detection of any harmful effects of the different mechani-
cal cleaning methods on the stone and identification of the forming 
minerals. 
3. Results 
Under naked eye and using stereomicroscopy, for the surfaces 
affected by lichen (Fig. 2A–D, Fig. 3A–D), the best results were obtained 
with dry sandblasting (IBIX) (Fig. 3C) because neither thalli or algae 
remains were detected on the surfaces. For the surface cleaned by dry- 
ice blasting, a few thalli and apothecia remains were detected 
(Fig. 3D). Some algal remains were also detected on the surface. Satis-
factory removal of the lichen was not obtained in samples treated by wet 
sandblasting (Fig. 3B) or by scraping with a scalpel (Fig. 3A). Remains of 
the complete lichen structure (superior cortex, algal layer and medulla) 
were found on the surface cleaned by wet sandblasting. Fungal hyphae 
were also detected. For the surface cleaned by scraping with a scalpel, 
remains of apothecium and medulla were detected and complete thalli 
remains were identified in depressions on the surface. 
Regarding the surfaces affected by gypsum black crust (Fig. 2E–G, 
Fig. 3E–G), wet sandblasting (Fig. 3E) and dry sandblasting (Fig. 3F) 
proved the most efficient methods for removing the deposit, yielding 
similar results. The granite forming minerals were identified on the 
surface cleaned with these methods, while the presence of the black 
crust on the surfaces cleaned by dry ice blasting (Fig. 3G), hindered 
identification of the minerals. 
Colour spectrophotometry was used to determine colour changes on 
the treated surfaces relative to the uncolonized surface (Table 1). Both 
the lichen and the black crust caused darkening of the granite (decrease 
in L*), with a reduction in the reddish-yellowish colouration (a* and b* 
reduction) and loss of the colour intensity (decrease in C*ab). The 
presence of Diploschistes scruposus and the black crust on this granite was 
considered visible to the naked eye because the global colour change 
(ΔE*ab) was higher than 3.5 CIELAB units (Table 1), which is the 
threshold for a visible colour change by an unexperienced observer [35]. 
The ΔE*ab value was higher for the granite affected by the gypsum black 
Fig. 2. Samples after treatment by the different mechanical cleaning methods to extract lichen (A–D) or gypsum black crust (E–G). The treated areas are outlined in 
red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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crust (ΔE*ab = 22.64 CIELAB units) than for the surface affected by 
Diploschistes scruposus (ΔE*ab = 11.89 CIELAB units). 
As the differences were determined relative to the uncolonized 
granite, smaller differences indicated that the treated surface was more 
similar to the original colour (Table 1). Regardless of the type of deposit, 
the lightness L* parameter was most affected by each treatment, and 
decreases were observed (indicating darkening). A reduction in b* was 
the next most common finding, indicating loss of the characteristic 
yellow colour of the granite (Table 1). Parameter a* underwent the least 
changes (Table 1). As result of these variations, the C*ab decreased, 
except on the surface with black crust cleaned by wet sandblasting 
(Table 1). 
Analysis of the ΔE*ab (Table 1) showed that all the cleaning methods 
caused colour changes on the granite surface, with values higher than 
3.5 CIELAB units in all cases [35]. However, different trends were 
observed depending on the type of colonization. For the surfaces 
covered with lichen, the lowest ΔE*ab corresponded to the surface 
scraped with scalpel (identified by stereomicroscopy as the lowest 
effective method), and for surfaces affected by black crust, the lowest 
value corresponded to the surface cleaned by dry sandblasting (identi-
fied by stereomicroscopy as one of the most effective methods). As 
already mentioned, lower ΔE*ab values indicate that the colour of the 
surface is similar to the colour of the uncolonized surface, as the surface 
with the lowest ΔE*ab should be the surface in which removal of the 
deposits was most successful. For the surfaces covered with lichen, the 
other mechanical procedures (wet and dry sandblasting and dry-ice 
blasting) yielded similar ΔE*ab values of around 12 CIELAB units 
(Table 1). For the surfaces covered with black crust, similar values were 
yielded by wet sandblasting and dry sandblasting. However, for the 
dry-ice method, the ΔE*ab value was similar to that obtained for the 
black crust (Table 1), suggesting that the procedure was not very 
effective. 
FTIR analysis revealed crust remains on the treated surfaces due to 
bands assigned to the lichen (Fig. 4A) or those assigned to the gypsum 
composing the black crust (Fig. 4B). The FTIR spectrum of the Dip-
loschistes scruposus (Fig. 4A) is characterized by the following reflectance 
bands: i) a broad shoulder at 3600–3300 cm− 1, corresponding to O–H 
stretching of water molecules [36], ii) double bands at 2930 cm− 1 and 
Fig. 3. Stereomicrographs of the samples after treatment by the different mechanical cleaning methods to extract lichen (A–D) and gypsum black crust (E–G).  
Table 1 
Colorimetric differences (ΔL*, Δa*, Δb*, ΔC*ab and ΔE*ab) on the surfaces 
treated with the different mechanical cleaning methods, relative to the 
uncolonized granite. Lower values indicate greater similarity to the original 
colour of the surfaces.  
Type of crust/Cleaning 
method 
ΔL* Δa* Δb* ΔC*ab ΔE*ab 
Lichen − 5.15 − 3.47 − 10.14 − 10.67 11.89 
Scalpel − 6.18 − 1.29 − 7.51 − 7.56 9.81 
Hydrogommage − 8.65 − 2.21 − 9.14 − 9.39 12.78 
IBIX − 7.52 − 1.84 − 9.79 − 9.89 12.48 
Dry-ice − 7.88 − 1.76 − 8.76 − 8.89 11.91 
Gypsum black crust − 20.85 − 2.95 − 8.33 − 8.74 22.64 
Hydrogommage − 7.38 0.63 0.62 0.77 7.43 
IBIX − 4.93 0.00 − 0.58 − 0.56 4.96 
Dry-ice − 20.62 − 0.85 − 3.04 − 3.16 20.86  
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2850 cm− 1 assigned to C–H asymmetric stretching of alkanes [36], iii) a 
less intense absorption band at 1640 cm− 1 assigned to aromatic C–C 
vibrations and COO− in the plane (amide II), suggesting the presence of 
lignin and other aromatics or aromatic or aliphatic carboxylates [37,38] 
and iv) an intense band at 1270 cm− 1 corresponding to esters of un-
saturated aliphatic fatty acids [37,38]. In addition to the previous bands, 
the typical effects of the functional group Si–O at 1200-650 cm− 1 indi-
cated the presence of silicate minerals originating from the stone [36]. 
These effects were observed in the FTIR spectra of the granite, also with 
sharp, well-defined bands at around 3700 and 3620 cm− 1, assigned to 
OH groups from the Al–OH and Si–OH surface [39]. 
The FTIR spectrum of the black crust (Fig. 4B) is characterized by the 
presence of gypsum, which is identified by the absorption bands at 3585 
cm− 1, 3401 cm− 1, 1683 cm− 1 and 1636 cm− 1 assigned to hydroxyl 
groups, an intense band in the region of 1200–1050 cm− 1 assigned to 
strong S–O stretching and less intense bands at 700–600 cm− 1, assigned 
to S–O bending vibration [40]. 
Considering that the spectra obtained for those surfaces on which 
cleaning was most effective would show the absence or a considerable 
reduction in the bands assigned to the lichen or to gypsum, dry ice 
blasting was most effective method for the lichen-colonized surface 
(Fig. 4A), and dry sandblasting (IBIX) was most effective for the surface 
covered by black crust (Fig. 4B). In the former, no bands assigned to 
lichen were detected (Fig. 4A), and in the latter, a band was detected at 
1200 cm− 1 (S–O stretching) and weaker bands were detected at 3585 
cm− 1 and 3401 cm− 1 (O–H stretching) (Fig. 4B). 
For the surfaces colonized by the lichen, the FTIR spectra of the 
surfaces cleaned by wet sandblasting, scraping with a scalpel and dry 
sandblasting, bands assigned to the organic matter were detected 
(Fig. 4A). For the surfaces with black crust cleaned by wet sandblasting 
and dry ice blasting, the FTIR spectra still showed intense bands at 3585 
cm− 1, 3401 cm− 1, 1683 cm− 1 and 1636 cm− 1 (O–H stretching) (Fig. 4B). 
SEM analysis was used to characterize the composition and the 
texture of the granite, the granite forming minerals and the crusts 
(Fig. 5) and the organic or the black crust remains on the treated surfaces 
(Figs. 6 and 7 respectively) and also the side effects induced by the 
mechanical cleaning, such as extraction of grains. 
The typical granite forming minerals (quartz, potassium feldspar, 
plagioclase and biotite) were identified by EDS (Fig. 5A shows an EDS 
spectra of a potassium feldspar grain). The granite showed a high degree 
of weathering as indicated by the large number of transgranular fissures 
(Fig. 5A), the presence of segregations rich in Fe on the surface (Fig. 5B) 
and a cracked coating rich in Al and Si, precursor of kaolinite (Fig. 5C). 
The crustose lichen Diploschistes scruposus showed a well-structured 
thallus with prominent apothecia in the form of discs (Fig. 5D), and 
grains from the granite were usually found embedded in the lichen 
structure (Fig. 5D). 
The black crust was composed of calcium sulphate, identified as 
gypsum with acicular and tabular crystal habits composing rosettes 
(Fig. 5 E), as previously observed [24]. The gypsum planes are fibrous 
(Fig. 5F). Moreover, Si-rich grains and Fe-rich spheres were detected, as 
also reported in Refs. [24,41] for black crusts developed in urban 
environments. 
Considering the surfaces treated with the different mechanical 
cleaning procedures to remove the lichen (Fig. 6), scraping with a 
scalpel and wet sandblasting proved unsuccessful, because no hyphae 
were identified on the surface of the samples (Fig. 6A–B). Organic re-
mains were not identified on the surface cleaned by dry sandblasting, 
Fig. 4. FTIR (reflection) spectra of the surfaces treated with the different mechanical cleaning methods. For comparative purpose, the FTIR spectra of the 
uncolonized granite and (A) the lichen Diploschistes scruposus and (B) the gypsum black crust are shown. 
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which is consistent with stereomicroscopic observations (Fig. 6C). Dry 
ice blasting left lichen remains in the intergranular fissures and exfoli-
ation planes of the biotite (Fig. 6D). Regarding side effects, greater 
mechanical damage, in the form of wider fissures, was detected on the 
surface cleaned by dry sandblasting (Fig. 6C). 
Considering the black gypsum crust (Fig. 7), the S and Ca composi-
tional maps showed that none of the three mechanical methods 
completely removed the gypsum although to the naked eye and under 
stereomicroscopy, the surfaces cleaned by dry and wet sandblasting 
indicated good levels of crust removal. These two methods removed the 
particulate material responsible for the dark colouration but did not 
totally remove the gypsum crystals. 
Considering the side effects generated by these methods, as reported 
for the lichen, the dry sandblasting method clearly induced extraction of 
grains and caused a greater increase in the surface roughness than the 
other two methods (Fig. 7D–F). 
4. Discussion 
Examination of the treated surfaces by stereomicroscopic observa-
tion and SEM analysis showed that the dry sandblasting (IBIX) method 
achieved the highest level of removal of both types of biological colo-
nization (lichen and gypsum black crust). However, different results 
were obtained regarding the amount of the deposits removed. For the 
lichen, no organic remains were detected on the surface of the granite 
samples, while for the black crust, the wet and dry sandblasting methods 
Fig. 5. SEM micrographs and the EDS spectra of (A–C) the uncolonized granite, (D) Diploschistes scruposus on the granite and (E–F) the gypsum black crust extracted 
from the granite. 
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only removed the dark particulate matter, as areas covered with gypsum 
crystals were detected by SEM analysis. In a previous study involving 
mechanical removal of two graffiti paints (blue and silver paints) from a 
similar type of granite, wet (Hydrogommage) and dry (IBIX) sandblasting 
extracted greater amounts of both graffiti paint coatings than achieved 
with dry ice blasting [32]. However, dry sandblasting (IBIX) induced the 
highest increase in surface roughness due to extraction of grains, relative 
to the surfaces cleaned by wet sandblasting (Hydrogommage) [32]. In the 
present study, dry sandblasting (IBIX) affected the granite surface after 
removal of both types of colonization, as the SEM analysis revealed 
mineral grains and the opening of wide fissures, even on the surfaces 
with gypsum black crust, with gypsum crystals generally remaining on 
the surface. Regarding lichen removal by dry sandblasting (IBIX), 
although no organic remains were detected on the treated surfaces by 
stereomicroscopy or SEM, absorption bands assigned to organic matter 
were identified in the FTIR spectra. The FTIR analysis was used to 
inspect the fissures of the stone in order to detect any lichen remains in 
the most difficult sites to access. Use of this method enabled the iden-
tification of the persistence of organic matter into fissures after lichen 
removal by dry sandblasting (IBIX), although the other techniques used 
(stereomicroscopy and SEM) indicated complete removal of the lichen. 
In a study in which an algal biofilm was removed from granite by dry 
brushing [42], the authors did not observe recolonization after 1 year. 
Conversely to the current research, the biofilm was superficial and easily 
removed by mechanical action. However, Diploschistes scruposus lichen 
adhered firmly to the surface by penetrating fissures in the granite. Lee 
et al. [15] also reported that dry scraping (a bamboo knife, a scalpel and 
a dental instrument) removed the surface organisms but failed to extract 
the light green to grey crustose lichens. Sterflinger et al. [43] reported 
that the lichen residues remaining after cleaning, in the form of single 
viable cells or whole colonies, are a source for a rapid substrate 
recolonization. Although no organic remains were detected by SEM, the 
FTIR spectra revealed the presence of organic matter in the fissures. A 
dry grit-blasting treatment, similar to IBIX, used to remove biological 
colonization from marble statues also achieved satisfactory results, 
although the surface roughness was increased, which would favor bio-
logical recolonization [44]. 
Considering the rest of the mechanical methods used (wet sand-
blasting and dry ice blasting), different results were obtained regarding 
the different deposits. For lichen removal, dry ice blasting left a few 
thalli and remains of apothecia on the surface, which were slightly 
visible to the naked eye and by stereomicroscopic examination. Some 
organic remains in the fissures and between the exfoliation planes of the 
biotite grains were identified by SEM. Although some organic remains 
were identified by the cited techniques, no absorption bands assigned to 
organic compounds were detected in the FTIR spectra of this surface, 
indicating that this method did not achieve a homogenous result; thus 
complete removal was achieved in several areas, mainly in areas without 
fissures. Therefore, in addition to dry sandblasting (IBIX) dry ice blasting 
was identified as an effective method of removing this lichen if the 
underlying stone does not have fissures. Considering that i) following 
the deontological code of conservation of cultural heritage, expressed in 
the Venice charter [1], conservation or restoration treatments should 
not significantly modify the properties of treated material, and ii) the 
dry sandblasting method (IBIX) led to extraction of grains, dry ice 
blasting may be considered the most effective method of extracting this 
lichen with minimal damage to the stone surface. Conversely, wet 
sandblasting (Hydrogommage) yielded similar unsatisfactory results to 
those obtained by scraping the surface with a scalpel, because complete 
lichen structures (upper cortex, algal layer and medulla) were detected 
on the surfaces. Conversely, in a previous study [23], wet sandblasting 
(Hydrogommage) efficiently removed a phototrophic biofilm composed 
of the green algae Trebouxia sp. and the cyanobacteria Gloeocapsa sp. 
and Choococcus sp. from a similar granite. Unfortunately, it caused 
microfissures and an increase in roughness [23]. In the present study, 
the SEM analysis did not reveal any grain extraction in the surfaces 
Fig. 6. SEM micrographs of the surfaces affected by the lichen Diploschistes scruposus treated using the mechanical cleaning methods: (A) scraping with a scalpel, (B) 
wet sandblasting (Hydrogommage), (C) dry sandblasting (IBIX) and (D) dry ice blasting. 
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cleaned by wet sandblasting (Hydrogommage). The ineffectiveness of 
scraping with a scalpel confirmed the results obtained in Ref. [18] for 
removal of Pertusaria pseudocorallina (Sw.) Arnold and Pertusaria amara 
(Ach.) Nyl. from a granite similar to that used in the present research. 
For the gypsum black crust, the wet sandblasting (Hydrogommage) 
and dry sandblasting (IBIX) methods produced similar results, as both 
only removed the dark matter while the gypsum crystals remained on 
the surface (as indicated by SEM). The FTIR spectra of both treated 
Fig. 7. SEM micrographs and S, Ca and Si compositional maps for the surfaces with gypsum black crust treated by (A) wet sandblasting (Hydrogommage), (B) dry 
sandblasting (IBIX) and (C) dry ice blasting. SEM micrographs of the surfaces are also included to show the effect of the cleaning method on the surface relief: (D) wet 
sandblasting (E) dry sandblasting and (F) dry ice blasting. 
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surfaces confirmed the presence of gypsum. Although grain extraction 
was identified (by SEM) in the samples cleaned by dry sandblasting 
(IBIX), extraction of grains was not observed in the samples cleaned by 
wet sandblasting (Hydrogommage). The same level of removal of a 
gypsum black crust was previously reported [25] as large amounts of 
gypsum crystals with acicular habit were detected on the cleaned sur-
faces. Dry ice blasting proved totally ineffective for removing the black 
gypsum crust as the surface remained dark in colour and gypsum crystals 
were detected. Therefore, as similar results were obtained by dry 
sandblasting (IBIX) and wet sandblasting (Hydrogommage), but the 
former induced grain extraction, the wet sandblasting method appeared 
to be the most appropriate for removing the black gypsum crust from the 
granite. 
Therefore, research findings confirm the influence of the intrinsic 
properties of the deposits on the cleaning efficacy of the mechanical 
methods tested. 
The results regarding evaluation of the cleaning efficacy by colour 
spectrophotometry must be considered with caution, taking into account 
the type of deposit on the stone. It was expected that the surfaces for 
which lower ΔE*ab values were obtained would be cleanest, because low 
value indicate that the colour is closer to the colour of the reference 
granite sample. However, this was not feasible considering the deposit. 
This was verified for removal of the gypsum black crust, because the 
lowest ΔE*ab corresponded to the surface cleaned by dry sandblasting 
(IBIX) and wet sandblasting (Hydrogommage) (surfaces with greater 
cleaning level), while the highest ΔE*ab values corresponded to the 
surface treated by dry ice blasting, confirming the low effectiveness of 
this method. However, for lichen removal, the lowest ΔE*ab values 
corresponded to the surface cleaned with scalpel, which was identified 
as totally unsuccessful by naked eye and stereomicroscopic examination, 
while the methods producing the best results, i.e. dry sandblasting (IBIX) 
and the dry ice blasting yielded higher ΔE*ab values, which were even 
slightly higher than those obtained for the colonized surface. The low 
ΔE*ab was attributed to the similar colour of the lichen remains and that 
of the stone, so that the lichen remains would be overlooked in the 
colour measurement. 
As previously stated [32], considering the environmental impacts 
and the health risks, there were some drawbacks associated with each of 
the three cleaning methods tested. Dry ice blasting can induce acidity, 
which would affect the durability of the granite and could also cause 
skin irritation and burns if personal safety measures are not adequately 
implemented. Wet sandblasting (Hydrogommage) requires the applica-
tion of water, possibly precluding its use indoors. Dry sandblasting 
(IBIX) can generate dust during the procedure. 
5. Conclusions 
Three different low pressure (0.4 MPa) cleaning methods: wet 
sandblasting (Hydrogommage, circular blasting with a mixture of air-
–water–micro grained silicon abrasive), dry sandblasting (IBIX, circular 
blasting with air and micro grained abrasive) and a dry ice blasting were 
used to remove the lichen Diploschistes scruposus and a gypsum black 
crust from granite samples. 
Different results were obtained depending on the deposit considered: 
i) dry sandblasting and dry ice blasting removed most of the lichen; ii) 
dry and wet sandblasting were best for extracting the black gypsum 
crust, because C-rich particles were extracted from the crust, but gypsum 
crystals remained on the surfaces; iii) dry ice blasting did not remove the 
dark particle matter or gypsum crystals; iv) the use of dry sandblasting 
was ruled out due to the extraction of grains from the granite and the 
appearance of wide fractures, which are totally unacceptable changes in 
relation to cultural heritage. 
Although the most suitable cleaning methods to extract lichen and 
black gypsum crust have been identified for this granite, in order to 
avoid undesirable effects to the granite forming minerals, the extraction 
was not complete. Future research lines will focus on improving 
extraction rates, using the combination of cleaning methods to achieve a 
synergistic effect. 
CIELAB and CIELCH data obtained by colour spectrophotometric 
analysis did not completely correspond to the findings of stereomicro-
scopic, SEM and FTIR analysis. Colour measurement in the CIELAB and 
CIELCH spaces should be used carefully and always in comparison with 
other techniques. 
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versus scalpel cleaning of crustose lichen on granite, Appl. Surf. Sci. 440 (2018) 
467–476. 
[19] C.H. Lee, S.W. Choi, M. Suh, Natural deterioration and conservation treatment of 
the granite standing Buddha of Daejosa Temple, Republic of Korea, Geotech. Geol. 
Eng. 21 (2003) 63–77. 
[20] K. Zykubek, T. Proudfoot, K. Lithgow, D. Carpenter, Research on the selection of 
biocides for the ‘disinfection’ of statues and masonry at the National Trust (UK), 
J. Inst. Conserv. 43 (3) (2020) 225–241. 
[21] M. Sanz, M. Oujja, C. Ascaso, A. de los Ríos, S. Pérez-Ortega, V. Souza-Egipsy, 
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